Garden waste generation and composition were studied in Aarhus, Denmark. The amount of garden waste generated varied seasonally, from 2.5 kg person -1 month -1 in winter to 19.4 kg person -1 month -1 in summer. Seasonal fractional composition and chemical characterization of garden waste were determined by sorting and sampling garden waste 8 times during one year. On a yearly basis, the major fraction of garden waste was "small stuff" (flowers, grass clippings, hedge cuttings and soil) making up more than 90% (wet waste distribution) during the summer. The woody fractions (branches, wood) are more significant during the winter. Seasonal trends in waste chemical composition were recorded and an average annual composition of garden waste was calculated, considering the varying monthly generation and material fraction composition: the wet garden waste contained 40% water, 30% organic matter (VS) and 30% ash. The ash content suggests that the garden waste contains a significant amount of soil. This is in particular the case during summer. Of nutrients, the garden waste contained in average on a dry matter basis 0.6% N, 0.1%P, and 1.0% K. However, the contents varied significantly among the fractions and during the year. The content of trace elements (Cd, Cr, Cu, Hg, Ni, Pb, and Zn) was low.
Introduction
Garden and park waste is generated during maintenance of private gardens and public parks. It consists of organic (e.g. grass clippings, hedge cuttings, prunings, leaves, and wood) and inorganic (e.g. soil and stones) materials. Because of its origin, garden waste is expected to have variable generation rates and composition, depending on factors such as seasons and location (e.g. climate, urbanization, and waste management strategies). By definition, garden waste exists only when collected.
Little data and statistics are available regarding garden waste generation. In many European countries garden waste is collected mixed with food waste and data on generation rates for these two waste fractions, thus, often are confounded (Eurostat, 2005) .
Composition of garden waste is reported in a few studies. Ham & Komilis (2003) and Benito et al. (2005) presented a single characterization of garden waste for USA and Spain, respectively, while Williams (2005) reported on characterization of several material fractions. In these studies, the focus was on the parameters characterizing the organic fraction (Volatile Solids (VS), C, N, and C/N contents). Bary et al. (2005) sampled garden waste five times during spring and summer at four different composting facilities in the USA. The analytical results included a broad range of physical-chemical parameters and showed compositional variation among the facilities. The study concluded that grass clippings were the main source of variation. Ward et al. (2005) collected each month for a whole year garden waste samples from 9 different composting facilities in the UK and determined Dry Matter (DM), Cl, N, C, and K contents as well as the C/N ratio. The study showed seasonal patterns for some parameters (N and K).
Sampling and characterization of garden waste is particularly difficult because of its strong seasonality and heterogeneity. But a precise characterization of the different material fractions of garden waste is needed for assessing the environmental benefit of a differentiated management, for example, of woody parts for energy utilization and introduction of home composting for small fractions of garden waste.
The aim of this study was to determine the seasonal variability of garden waste generation, material fraction composition and chemical composition in Aarhus, the second largest city in Denmark (about 300,000 inhabitants).
Methodology
The amount of garden waste generated in Denmark is recorded by the Danish Environmental Protection Agency (Miljøstyrelsen) and included in the Affaldstatistik (Waste statistics), which is published annually. Data were taken from Affaldstatistik (2008) .
Seasonal variability of the garden waste generation rate was determined using data for Aarhus, a city located on the east coast of the Jutland peninsula (56° 9′ 0″ N, 10° 12′ 0″ E). Forests surround the city and several green areas are found within the urban area. Many households, especially in the residential areas, have a garden. All garden waste generated in Aarhus is collected at six recycling centres, located in the urban area, and treated at one composting plant, where each truck load entering the facility is weighted and recorded.
Garden waste fractional and chemical compositions were determined during a one-year long sampling campaign at the composting plant. Garden waste was sampled eight times, twice per season (winter, spring, summer, fall) . All the waste received at the facility at the day of the sampling (15-22 tonnes) was used as primary lot for the sampling. The garden waste was sorted into five material fractions: "Wood", "branches" (with leaves), "stones", and "foreign objects" (such as plastic bags) were sorted out manually or by means of a mechanical grab, while the fifth fraction "small stuff" was the remaining fraction. The large fractions (constituting more than 99.6% of the garden waste) "wood", "branches" and "small stuff" were subject to four particle size and mass reduction steps performed with systematic sampling frequencies in order to obtain representative samples of a few grams for chemical analysis. The four steps included (details available in Boldrin et al., 2009a) :  Separate processing of each material fraction in an industrial shredder for particle size reduction and collection of increments from the outlet of the shredder by means of a front loader to obtain a primary sample;  Processing of each of the primary samples (3) in a shredder (ARP SC 2000, Brovst, Denmark) for particle size reduction and collection of increments from the outlet of the shredder by means of shovels to obtain a secondary sample;  Laying of the secondary samples in elongated 1-D multilayer piles and collection of a tertiary sample by removal of cross-cut portions of the lot;  Drying of the material at 105°C for 24 hours, shredding using a 1.0 mm bottom sieve and preparation of a laboratory sample by means of a riffle splitter (Rationel Kornservice RK12, Esbjerg, Denmark). The laboratory samples of garden waste were sent to a certified external lab (ALS Scandinavia AB, Luleå, Sweden) for acid digestion and subsequent chemical analysis by means of ICP technique. The analytical method is described in details in Boldrin et al. (2009a) . An overview of the sampling and analytical procedures can be found in Table 1 . Chemical analyses were performed on three garden waste fractions (i.e. "small stuff", branches, wood). Because of their relatively small contribution (<0.2%), the chemical composition of "foreign objects" and "stones" was not determined.
The sampling/analytical method was validated during one of the sampling event: 13 samples of the fraction "small stuff" were collected according to a reduced sampling scheme (also called staggered design) and variance across the samples was analysed. Statistics showed that none of the mass reduction steps introduced significant uncertainty and that the sampling method was robust for all the parameters considered. The representative sampling method is described in details in Boldrin et al. (2009a) . Cumulative uncertainty due to both sampling and analytical errors was calculated and is reported as Coefficient of Variation (CV) in Table 3 . It can be seen that such uncertainty is comparatively much smaller than the variation (standard deviation in Table 3 ) seen in the samples due to seasonal changes. It was concluded that the sampling method was accurate and suitable for studying seasonal variation in garden waste composition. 
Phase
Description Notes Sorting Hydraulic grab Five material fractions: small stuff, wood, branches, stones, foreign objects Sampling
Step 1: increments collected from 1-D outlet of industrial shredder From 10-30 tonnes to 1-3 tonnes
Step 2: increments collected from 1-D outlet of trailer shredder From 1-3 tonnes to 50-70 kg
Step 3: cross-cut increments collected from 1-D multilayer pile
From 50-70 kg to 3-5 kg
Drying/ grinding
Drying at 105°C for 24 hours, shredding with 1.0 mm sieve Sampling Riffle splitter From 1-3 kg to 5-10 g Analyses C,H,N: Leco-600 *ASTM D-3178-79 F,Cl: Dionex ICS-90 *SS 187185 LHV: ISO 1928 Metals: acid digestion (5 ml HNO 3 + 0.5 ml H 2 O 2 + 0.03 ml HF), ICP-SFMS and ICP-OES Microwave-assisted digestion, 600 W, temperature 140 °C, P < 1400 kPa, 1 h * ALS Scandinavia AB reference method
Results

Seasonal garden waste generation
Generation of garden waste in Denmark is presented in Figure 1 for the period 1994-2006. The amount of garden waste generated per-capita in Denmark has more than doubled during the considered period, from 67 kg person -1 year -1 in 1994 to 143 kg person -1 year -1 in 2006. The difference between household generation and total generation represents the amount of garden waste produced from the maintenance of public areas. The increase in garden waste generation -largely due to improved collection systems -is one of the main contributors to increased residential waste generation in Denmark in the period 1994-2002 (Skovgaard et al., 2005) . 19.4 kg person -1 month -1 in July). Another peak can be seen in autumn (October) and it is probably due to collection of fallen leaves. Small amounts of waste are collected during winter (minimum: 2.5 kg person -1 month -1 ). Generation patterns are quite similar for the five years presented in Figure 2 . On an annual basis, the generation rate of garden waste in Aarhus has been fluctuating around the national average in the period 2003-2007: 122 in 2003, 125 in 2004, 148 in 2005, 130 Figure 3 shows the material fraction composition of garden waste over one year. During summer (June to August) and fall (September to November) the predominant waste fraction is "small stuff", i.e. grass, soil, flowers, leaves, etc. In September this fraction accounts for more than 90 % of the garden waste collected. In winter (December to April), garden waste contains a significant fraction of branches and wood (up to 45 %). This is due to the reduced activity in gardens in winter and the fact that focus is on tree and bush pruning. The results are in line with what is found in literature (for example in Ward & Litterick, 2004) . In all sampling events, the amount of stones and foreign objects found was very small, always below 0.2 % of the total for both fractions. It is concluded that the presence of impurities in garden waste in Aarhus is very limited. An annual material fraction composition is shown in Table 2 . This composition was calculated as a weighted average, where the material fraction composition determined in each characterization event ( Figure 3 ) contributed to the annual composition according to the monthly generation rate ( Figure 2 ) reported for the specific month under consideration. 
Seasonal garden waste material fractions composition
Seasonal material fractions chemical characterization
Samples of each material fraction were analysed for more than 40 physical-chemical parameters. The original observations are not shown. Each fraction showed different seasonal patterns. While "wood" showed a relatively constant composition throughout the year, "small stuff" varied remarkably during the year. As shown in Figure 4 , the ash content in "small stuff" fluctuated between 40 % in fall (September to November) and 80 % in late spring (May and June). The VS and C contents, the C/N ratio and the Lower Heating Value (LHV) show all some seasonal variations. Almost all the other parameters have concentration patterns similar to the ash content. Such variations are probably due to both the type of organics present in the waste and the presence of soil. In "branches", the concentrations of most of the parameters were constant during the year (i.e. smaller range of variation) and several of them presented no particular variations. Results are reported in details in Boldrin et al. (2009b) .
Larger variations in "small stuff" than in "branches" were recorded during the year. One of the reasons could be the amount of grass clippings in garden waste, as reported by Bary et al. (2005) .
Seasonal garden waste chemical characterization
Based on the material fraction distribution and the chemical characteristics of each fraction, a weighted average composition of garden waste was calculated for each sampling event, as presented in Table 3 . The physical-chemical characteristic showed a seasonal dependence of the composition, according to the material fraction composition in a specific season. The seasonal variations of water, VS, and ash contents, and LHV (on wet weight basis) are presented in Figure 5 . The VS content is higher in winter months (December to March), probably as results of less soil and grass turf in the waste. The VS content (and inversely ash content) and LHV seem to be clearly linked to each other, as it could be expected. The minimum LHV (on dry basis, not shown) is 6.35 GJ tonne -1 TS and was measured in late spring (May), when the "small stuff" is the main material fraction of garden waste (see Figure 3 ). As it will be explained later, "small stuff" likely contains a significant amount of soil (ash), which corresponds to a high ash content and a low LHV. The maximum LHV is 15.35 GJ tonne -1 TS and it was reached in wintertime (January), when the woody fractions ("Branches" and "Wood") were more frequent. The water content is higher in wintertime (November to March), probably due to the weather conditions (more rain, lower temperatures). No relation between water and ash contents could be clearly defined, mainly because of the dependence of the water content on the weather conditions present at the moment of sampling.
The contents of carbon (C) and nitrogen (N) also depend on the material fraction composition and have therefore also a seasonal dependence, as presented in Figure 6 . The maximum C content was 40.1 % of TS and was measured in winter (January), when the "wood" and "branches" fractions are more significant (see Figure 3 ). The minimum C content (15.8 % of TS) was measured in spring (May), when "small stuff" is the prevalent material fraction containing a lot of soil. The maximum nitrogen content was 0.76 % of TS in late summer (September) and the minimum was 0.35 % of TS in winter (March). Figure 6 also presents the development of C/N ratio during the year. In summertime (June to September), the presence of nitrogen containing material (grass, flowers, etc.) is resulting in low C/N. In wintertime (December to April), the predominance of carbon containing material (wood, branches, etc.) enhances the C/N, that reaches 84 in April. The C/N ratio is one of the key parameters for an efficient composting process. USEPA (1994) indicates an optimum C/N value for composting between 25 and 35, while a ratio between 35 and 40 is reported in Golueke (1977) for woody feedstocks containing a significant fraction of lignin. The results suggest that in some periods of the year (particularly during winter -November to April) the C/N ratio is not optimal for the composting process. Figure 7 presents seasonal concentration of P, K, Cd, Cu, and Pb (please note that unit of the P concentration is 1/10 and the unit of the Cd concentration is 1/100 of the numerical values plotted in the graph). Similarly to most of the other macrocomponents (i.e. analytes reported in % of TS), P and K seem to have a seasonal variation: low concentrations in winter (December to March) and higher concentrations in summer (June to September). A similar pattern can be seen for trace elements (i.e. analytes reported in mg/kg TS), such as Cu and Pb. Cd concentrations, instead, are fluctuating during the year, without showing a particular pattern. Some of the trace elements of environmental concern (Cd, Cu, Hg, Pb, and Zn) were all found in very low concentrations and their presence is not correlated to any of the other analytes. In particular, the concentrations of these metals are not linked to the Si and Al content, indicating that they are not brought in specifically with soil but are rather spread across all the material fractions. The presence of Cr and Ni seems instead to be linked to soil, as their concentrations show high to very high correlation with some of the macro-components present in soil. Concentrations of Cr, Cu, Ni, Pb, and Zn are in line with values reported in Bary et al. (2005) .
Figure 5 -Seasonal variation of the water, VS and ash content (left y-axis) and LHV of garden waste (on wet weight basis, right y-axis). The dotted line represents LHV.
Conclusion
Seasonal generation and composition of Danish garden waste was studied in the municipality of Aarhus. Garden waste generation is extremely variable during the year, from a minimum of 2.5 kg person -1 month -1 in winter to a maximum of 19.4 kg person -1 month -1 in summer. The material fraction distribution over the year (based on 8 samplings) showed a clear dominance of "small stuff" (flowers, grass clippings, hedge cuttings and soil) in summer (June to August), while woody fractions where more significant in winter (December to April). The chemical composition also showed some seasonal variation. The maximum VS and C concentrations and LHV were found in wintertime, when presence of woody materials was significant. Ash and metals content were higher in summer (June to September), when a lot of soil was present in the garden waste. Nitrogen peaked in the summer (up to 0.76 % of TS in garden waste), when grass clippings were a major component of garden waste. The C/N ratio was relatively high all year and, in the winter months, it was much higher than the recommended values for an optimal composting process. The nitrogen content was found both in the organic fraction and in the soil constituting a major part of the "small stuff". 
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